Insurance-related Hail Research in Illinois during 1968 by Changnon, Stanley A., Jr.
Resea rch Report No. 40 
INSURANCE-RELATED HAIL RESEARCH IN ILLINOIS 
DURING 1968 
by 
Stanley A. Changnon, J r . 
P r e p a r e d for 
Crop-Hai l Insurance Actuar ia l Association 
Chicago, Illinois 





SURFACE HAIL RESEARCH 2 
Selected Hailfall Stat is t ics 3 
Ha i l s t r eak-Ra in Cell Studies 5 
A Major Hail Day - 15 May 1968 6 
COMPARISON OF CROP LOSS MEASUREMENTS AND HAILPAD 
MEASUREMENTS 7 
INCREASED CROP-HAIL LOSSES FROM INADVERTENT 
WEATHER MODIFICATION 8 
SURFACE MODELS OF HAILSTORMS 10 
Data 12 
Analysis 12 
Individual Charac te r i s t i c s 13 
Hail Area Shape 13 
Hail Area Size 13 
Distr ibution o f Stone Size Regions in Hail Area . . . . 13 
Motion of Hail Area 17 
Rain-Hai l Relations 17 
Lightning with Hail 21 
Models of Hai l s to rms 21 
RELATIONS BETWEEN WEATHER BUREAU HAIL DAYS AND 




Effect of Sampling Density on Areal Extent of Damaging Hail 
A Mesoscale Study of Corn-Weather Response on Cash-Gra in 
F a r m s 
ABSTRACT 
The p r imary r e s e a r c h effort in 1968 concerned continuation of the 
surface hail studies in a l 600 - squa re -mi l e a r e a containing 557 points for 
hai l measu remen t , In 1968 this large a r e a experienced hail on 19 days with 
c rop damage on 9 days. Exceptional a r e a l var iabi l i ty in point hailfalls was 
noted with many points having no hail and others as many as 10. Night hail-
falls had significantly shor ter durations than those in the daytime, and the 
longest point durations of hail occur red in the 1600-1800 CDT period when hail 
also was most frequent. The detailed ra in -ha i l analysis performed on each 
of the 265 ha i l s t reaks in 1968 is i l lus t ra ted by the resu l t s for the 20 s t r eaks that 
occur red on 23 September. 
A major s to rm day (15 May) produced 110 ha i l s t reaks in a 14-hour 
period. One was a " super" ha i l s t reak covering 788 square mi les and last ing 
90 minutes . Although occurr ing ear ly in the crop season, the 110 s t r eaks 
produced 175 paid losses which was 78% of the total losses for 1968 in the 
study a rea . 
Percentage crop losses for damaged crops adjacent to hailpads oper-
ated in 1967-1968 were used to investigate the relat ionship between hailfall 
p a r a m e t e r s and actual l o s s . Hailstone s ize showed no relat ionship to lo s s , 
but the number of stones l a rge r than 0. 25 inch per square foot showed a defi-
nite re la t ionship to loss in wheat and corn c rops . Soybean losses did not 
re la te well to stone frequency, but were re la ted to energy impar ted by the 
hailfall . 
Study of the i nc reases in hail occur rences 30 mi les downwind of the 
Chicago-Gary a r ea shows a recent i nc rease that can be re la ted to the urban-
indust r ia l effects in the a tmosphere . These inc reases also a r e apparent in 
the c rop-ha i l losses in nor thwestern Indiana, thus indicating that urban-pro-
duced hail can occur downwind of large urban- indus t r ia l complexes and may 
inc rease future lo s ses . 
The detailed field studies of 16 very damaging ha i l s to rms in Illinois 
during the 1959-1968 period were used to model the surface cha rac t e r i s t i c s 
of ha i l s tones . The hail a r ea at any given t ime during the s to rm was general ly 
ell iptical (being shallowest along the axis of s to rm motion), and inside the 
heavy rain co re . The hail a r ea tends to move to the right during its life and 
the l a rge r stones generally fall in the r i g h t - r e a r portion of the hail a r e a . 
Hai l-day frequencies, as defined by repor t s from U.S. Weather Bureau 
stations located in an a r ea of 1000 square mi l e s , we re compared with c rop -
loss day frequencies defined from insurance data in an a rea of 1500 square 
mi les that par t ia l ly overlapped the 1000-square-mi le a rea . These two sets 
of hail occur rences showed a high cor re la t ion (+0. 86), indicating that hai l -
day frequencies for county-sized a r ea s a r e closely re la ted to hail loss day 
frequencies for comparable a r e a s . 
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INTRODUCTION 
The p r ime r e s e a r c h act ivi t ies during 1968 concerned the operat ion of 
a dense surface hai l network in cen t ra l Illinois and the varying analyses of the 
result ing data. Other r e s e a r c h act ivi t ies included a compar ison of c rop l o s se s 
with hailfall measu remen t s , considerat ion of the possibi l i t ies that l a rge urban-
industr ia l complexes affect hail frequency, the study and summar iza t ion into 
models of 16 severe ha i l s to rms which had been carefully field surveyed in the 
past 10 y e a r s , and the investigation of the relat ionship between the frequency 
of Weather Bureau regional hail days and regional c r o p - l o s s days. Many of 
these r e s e a r c h act ivi t ies w e r e int imately re la ted to hail r e s e a r c h act ivi t ies 
being per formed as par t of th ree National Science Foundation projects (NSF 
GA-482, NSF GA-1520, and NSF GA-4618), and that being supported by the 
state of Il l inois. 
The studies per formed for the Crop-Hai l Insurance Actuarial Associ-
ation w e r e a par t of a long range p r o g r a m a imed at obtaining a be t te r under-
standing of var ious surface hail conditions and how these conditions re la te to 
the spat ial and tempora l var ia t ions in hail damage to c rops . 
This repor t descr ibes the var ious r e s e a r c h r e s u l t s and i l lus t ra tes 
cer ta in of the pert inent findings. Resul ts of p r io r r e s e a r c h performed as 
par t of the CHIAA p rog ram a r e presen ted in the form of repr in t s of two pape r s 
published during 1968 in national scientific journa l s . 
SURFACE HAIL RESEARCH 
The 1968 p rog ram for studying surface hail conditions was concen-
tra ted in a 1600-square-mi le a rea in cent ra l Illinois. In the spring of 1968 
the Illinois State Water Survey enlarged i t s recording raingage network, 
which previously contained 49 recording ra ingages in 400 square mi les , to 
196 recording raingages in 1600 square mi les and named in the Centra l Illinois 
Network (Fig. 1). In this study a r e a 100, 1-square-foot hailpads were ins ta l led 
at 100 of the raingage s i t e s , and another 96 pads were ins ta l led in a 100-
squa re -mi le a r ea (one pad per mi2 ) near F a r m e r City (Fig . 1) during the 
June-September period. This became the mos t concentrated hail network 
ever opera ted in Illinois and the second most dense network operated any -
where in the world (Changnon, 1968a). Hail data also w e r e secured f rom 261 
cooperative hail obse rve r s in the network (Fig. 1). Another 182 obse rve r s 
repor ted hail in the th ree counties upwind of the network. Additional useful 
hail data were furnished by the var ious hail insurance companies who supplied 
the adjustors ' worksheets for all paid c la ims in the four counties totally or p a r -
tially enveloped by the network (Dewitt, McLean, Macon, and Piatt) and two 
to the west (Logan and Tazewell) . 
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T h e s e da ta s o u r c e s wi th in t h e n e t w o r k s tudy a r e a f u r n i s h e d 1166 h a i l 
r e p o r t s i n t h e M a y - S e p t e m b e r p e r i o d o f 1968. T h e 443 c o o p e r a t i v e o b s e r v e r s 
supp l i ed 313 h a i l r e p o r t s a n d 218 n o - h a i l r e p o r t s . Individual p a i d l o s s e s for 
h a i l d a m a g e t o t a l e d 223, h a i l i n c i d e n c e s a t t h e r a i n g a g e - h a i l p a d s i t e s t o t a l e d 
527, a n d the d e n s e h a i l p a d n e t w o r k i n d i c a t e d 103 point i n c i d e n c e s of h a i l . 
Ha i l o c c u r r e d in the n e t w o r k on 19 days in the M a y - S e p t e m b e r p e r i o d 
wi th d a m a g i n g h a i l a t two o r m o r e f a r m s on n ine o f t h e s e d a y s . V a r i o u s sta-
t i s t i c s r e l a t i n g t o the n e t w o r k h a i l i n 1968 a r e p r e s e n t e d i n T a b l e 1 . T h e t o t a l 
n u m b e r o f h a i l s t r e a k s ( a r e a s o f con t inuous h a i l r e l a t e d in t i m e ) w a s 265, and 
a l though l a r g e r t h a n the 171 in 1967, the n u m b e r w a s not p r o p o r t i o n a t e l y l a r g e r 
s i n c e t h e n e t w o r k s i z e h a d q u a d r u p l e d f r o m 1967 to 1968. The 1968 t o t a l a r e a 
o f h a i l w a s 2318 s q u a r e m i l e s , a n d th i s f i gu re i n c l u d e s s e v e r a l r e p e a t e d h a i l -
fal ls on the s a m e a r e a o f t h e n e t w o r k . 
S e l e c t e d Hai l fa l l S t a t i s t i c s 
T h e t o t a l n u m b e r of ha i l f a l l s a t e a c h of t h e 196 r a i n g a g e s i t e s w e r e 
u s e d t o c o n s t r u c t F i g . 2 . Some a r e a s i n t h e n o r t h w e s t and s o u t h w e s t h a d no 
h a i l f a l l s i n 1968, w h e r e a s o t h e r s n e a r F a r m e r Ci ty h a d eight o r m o r e . One 
gage n o r t h of F a r m e r City had 10 ha i l f a l l s a n d a gage e ight m i l e s s o u t h e a s t of 
i t h a d only one in 1968. 
A n o t h e r look a t t he e x t r e m e a r e a l v a r i a b i l i t y o f ha i l f a l l s i s p r o v i d e d 
by the 4 - m o n t h p e r i o d o f da ta f r o m the v e r y d e n s e h a i l p a d n e t w o r k ( F i g . 1). 
T a b l e 1 . C h a r a c t e r i s t i c s o f H a i l s t o r m s in C e n t r a l I l l ino i s N e t w o r k in 1968 
S q u a r e m i l e s N u m b e r o f M a x i m u m h a i l s t o n e C r o p 
Date wi th h a i l h a i l s t r e a k s d i a m e t e r , i n c h e s d a m a g e s 
5 / 8 5 4 . 4 3 0. 75 No 
5 /15 1 3 9 3 . 1 110 2 . 2 5 Yes 
5 /18 1 7 . 7 17 0 . 5 0 No 
5/20 0 . 9 1 0 . 2 5 No 
5 /23 6 4 . 2 18 0 . 5 0 No 
5/28 4 9 . 9 6 0 . 7 0 No 
6 /14 2 2 0 . 5 33 0 . 7 5 Yes 
7 / 1 1 6 1 . 9 20 0. 50 Yes 
7 / 8 2 7 . 4 3 0 . 4 0 Yes 
7 / 9 9 9 . 6 11 1.00 Y e s 
7 /15 1 1 . 6 4 0 . 4 2 Y e s 
8 / 4 1 9 . 0 2 0. 25 No 
8 / 8 1 1 . 2 5 0. 65 Yes 
8 / 9 1. 5 1 0. 25 No 
8 /18 1 0 . 0 3 0 . 5 5 Yes 
8/31 2 . 7 2 0 . 5 5 No 
9 / 1 7 . 5 3 0 . 5 2 Y e s 
9 /17 1 8 . 1 4 0 . 4 6 No 
9 /23 1 4 6 . 6 19 1.31 No 
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Since t ime of hai l cannot be derived from the hailpad data, the point fre-
quencies for these 96 pads were expressed as the number of days with hai l 
(Fig. 3). It is likely that seve ra l of these hailpads had two or m o r e hailfalls 
on ce r ta in of the days. However, short distance var iabi l i ty on this sca le is 
quite obvious with point frequencies varying from four hail days to none a c r o s s 
dis tances of one mi le . 
The number of hai l r epor t s per hour, as der ived f rom the obse rve r 
r epo r t s containing t ime of hail and from the 527 ra ingage- indicated hail t i m e s , 
were used to construct the solid curve shown on Fig . 4. The pr incipal maxi-
m u m was in the 1700-2100 CDT period with a secondary max imum at 1100. 
The 1967metwork data had indicated maxima at the 1600-1900 and the 0000-
0100 CDT per iods (Changnon, 1968d) which revea ls that data f rom one yea r 
of hai l sampling in networks of th is size likely do not descr ibe the t rue c l ima-
tological diurnal distr ibution of ha i l . The 1000-1100 maximum (Fig. 4) in 
1968 was largely the r e su l t of many hailfalls from a s e r i e s of ha i l s to rms on 
one day, 15 May 1968. Thus, in a r ea s of 400 to 1600 square mi les a 1- or 
2- yea r sample may be inadequate to descr ibe the average of cer ta in hai l con-
ditions. 
Also shown on Fig. 4 a r e curves for the average point durations of 
hailfall for each hour. The duration data from the cooperat ive obse rve r s 
were analyzed separa te ly from that of the recording raingages since both 
sets of data may contain b ias . F o r instance, examination of the observer 
data indicated a tendency to "round" the hailfall duration to the neares t five 
minutes . Since most Illinois hailfalls a r e l ess than five minutes , this tends 
to furnish o v e r - e s t i m a t e s in the average dura t ions . Conversely, the ha i l -
mdications on the recording raingage chart have been noted to be unrespon-
sive to smal l (<0. 25-inch diameter) hai ls tones , and durations calculated 
f rom these may tend to be slight underes t imates of point hailfall duration. 
Comparison of the hourly average durations shows that the gage duration 
values were l ess than the obse rve r values in al l but two hours (1400 and 2200 
CDT). Both data sets indicate the longest durations for hailfall in the hours 
ending at 1700 and 1800, but the observer averages at this t ime a r e 14-15 
minutes and that of the gages is 3 to 5 minutes . The gage average durations 
show much less t empora l variabi l i ty than do the obse rve r averages , but both 
sets show that nocturnal hailfalls a r e considerably sho r t e r than those in the 
daytime. No gage-indicated hailfalls occur red in the 0200-1000 period, hence 
the "no data" label for durations on Fig, 4. 
The square mi les in the network where l o s se s to c rops were paid by 
insurance companies in 1968 a r e depicted according to date of loss in Fig. 5. 
No losses occu r r ed in the nor thern portion of the network, and a few square 
mi les had losses on two days. Most of the losses c a m e from hai l on 15 May, 
and this outstanding s t o r m day is under intensive study with selected r e su l t s 
p resen ted in a l a t e r sect ion of th is repor t . There is no great cor re la t ion 
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between the loss pat tern of 1968 (Fig. 5) and the point frequency of hail for 
1968 (Fig. 2). Most of the losses occu r r ed in a r e a s with 2 to 4 hailfal ls , 
but a r e a s with 2 to 4 hailfalls e lsewhere in the network had no l o s s e s . In 
this instance, t he re seems to be l i t t le re lat ionship between the seasonal num-
ber of hailfall occur rences and the frequency of loss at a point. 
Ha i l s t r eak-Ra i n  Cell Studies 
The basic analysis per formed on al l hai l days in 1968 included dif-
ficult, t ime-consuming, and detailed definition of the 265 individual ha i l s t reaks 
and the i r re la ted ra in ce l l s . The hail t ime and no-hail data were used to delin-
eate the ha i l s t reak boundaries . The recording raingages furnished the t ime of 
hail (and duration) and t ime and amount of rainfall that occur red with the ra in 
cell that produced the ha i l s t reak . The hailpads furnished data on the number 
of s tones , s izes of s tones, and energy impar ted by the total hailfall . Data 
from the cooperative hail obse rve r s also gave t ime of hail , duration, hai l -
stone s izes , number per square foot, and other pert inent information. Crop-
hail l o s ses a lso indicated locations and thus a r e a l extent of hail . 
Examples of the products of this laborious r e s e a r c h a r e shown in 
Figs 6 and 7. Fig 6 A-D depict the ha i l s t reak and ra in cell pa t te rns that 
occur red on 23 September. There were 19 ra in cells in the 0940-1320 CDT 
period, and 18 of these produced ha i l s t r eaks with ra in cells 5 and 14 both pro-
ducing two ha i l s t r eaks . 
The analysis of the ra in cel ls on this data was less complicated than 
that r equ i red on. many hail days. Most of the ra in cells were semi- i so la ted , 
fast-moving smal l thunders torms of the a i r m a s s var ie ty and only five pro-
duced point amounts of 0. 2 inch or m o r e . Inspection of the ha i l s t reak posi-
tions within the i r assoc ia ted rain cells revea ls that mos t were "cen te red" 
along the core of the cell with a few (in ra in cells 3, 6, 14, and 15) in the 
right side of the cell . Some of the s t r eaks occur red at or near the s t a r t of 
the r a m cells (numbers 2, 5, 9, 11, and 17), most during the ma tu re (heaviest 
rain) stage (numbers 3, 4, 6, 7, 8, 10, 14, 15, 16, 17, and 18), and a few 
during the dissipation stage (numbers 5, 12, 13, and 19). Analysis of the I S O -
chrones based on the s ta r t of the rainfall shows that the rain cel ls moved for-
ward at speeds ranging f rom 48 mph (cell 19) to 10 mph (cell 6), and that some 
moved forward unevenly with one side advancing fas ter than the other (cells 
3, 4, 16, and 19). 
Other temporal data depicted on Fig. 6 a r e the t ime differences 
between the s t a r t of rain and the s ta r t of hai l . At many locations the ra in 
and hail Started together (a 0 difference) and most, differences were two 
minutes or l e s s . The increas ing t ime differences during the life of the hail-
st reaks in cells 3 and 17 indicate that the hailfall a r ea was advancing m o r e 
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slowly than the ra in shaft. Another in teres t ing aspect noted in the many hai l -
s t r eaks is seen in ra in cel ls 5, 6, 8, and 15 where the ha i l s t reak orientation 
does not para l le l that of the cell , indicating tangential movement (left to right) 
a c r o s s the ma in axis of the ra in cell motion. 
More detailed hail information available for the ha i l s t reaks is pre-
sented in Fig . 7. For instance, examination of the s t r eak data with cel l 3 
shows that the hailfall durat ions (at points with available data) were 5 to 6 
minutes and that the maximum stone d iamete rs at the s ta r t were 0. 5 inch, 
diminishing to less than 0. 2 inch in one mi le , and then dramat ical ly increas-
ing to 1. 31 inches near the s t r e ak ' s end. Numbers of stones per square foot 
w e r e re la t ively high at the beginning and diminished to a low of two stones in 
m i d - s t r e a k . Energy values for the s t reak revea l a t remendous (10 ) range, 
f rom 0. 0001 foot-pounds per square foot to a high of 1. 0568. 
The Water Survey ra in -ha i l network, which is unique in its s ize and 
ins t rumenta l density, allows the development of such new and pert inent hail 
information heretofore unavailable. 
A Major Hail Day-15 May 1968 
The single most extensive and seve re hai l day in the network during 
1968 was 15 May when 175 of the 223 total paid losses of 1968 occur red . 
Losses would have been much g rea te r had the 110 ha i l s t r eaks on this date 
occur red l a t e r in the c rop season. 
A detai led recons t ruc t ion of the 110 ha i l s t r eaks and rainfall pat-
t e r n s during the 14-hour s t o r m period is shown in Fig . 8. The morning 
per iod of nine major thunders to rms produced 47 ha i l s t r eaks with some 
damaging hai l . The second phase of the s t o r m per iod s ta r ted at 1600 CDT 
as a giant, s teady-s ta te s t o r m passed a c r o s s the network (Fig. 8B). This 
s t o r m produced 22 ha i l s t reaks and the one labeled as number 2 produced hail 
over 788 square mi les (see Fig 9) with rainfall amounts over five inches . 
A se r i e s of "feeder" thunders to rms for the giant s t o r m followed it (Fig. 8C), 
and these produced 27 additional ha i l s t reaks in the 1800-2045 CDT period. 
Before this phase had passed f rom the network, the fourth phase, a squall 
l ine, en te red the network from the southwest. This s e r i e s of th ree major 
thunder s to rm cells produced 14 more ha i l s t r eaks (Fig 8D). A detailed 
analysis of the 15 May s t o r m is the subject of a r e s e a r c h paper (Changnon 
and Stout, 1969), and will be the subject of an extensive r e s e a r c h r epor t . 
More detailed data on the super ha i l s t reak of the 15 May s t o r m a re 
presented in Fig. 9. The size of the next l a rges t ha i l s t r eak m e a s u r e d in 
the two y e a r s of network operat ion was 62 square m i l e s . The super hail= 
s t reak produced hail for 40 minutes in one 40 - squa re -mi l e a rea , produced 
stones with d iameters of 2. 25 inches, produced as many as 1050 stones per 
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square foot in one a rea , and resu l ted in energy values exceeding 15 foot-
pounds per foot over la rge a r e a s . 
The total number of distinct hailfalls per point, as m e a s u r e d at the 
100 raingage-hai lpad si tes centered in a 1100-square-mi le a r ea around 
F a r m e r City, on 15 May is depicted in Fig. 10. Two si tes north of F a r m e r 
City had five different hailfalls (which contributed significantly to the seasonal 
maximum in that a r e a shown on Fig. 2), and only one smal l a r ea in the south 
had no hail . 
Fortunately, the seve re , repeated ha i l s t reaks on May 15 occur red 
well before the corn and soybean crops were in thei r maximum suscept ibi l i ty-
to-damage periods (Changnon, 1967a) but 175 paid losses occur red . The per-
centage losses f rom paid c la ims appear in Fig. 11 and a r e symbolized by crop 
type. Several 100 percent losses to wheat crops occur red nea r Clinton, and 
these were largely a resul t of the super ha i l s t reak which produced a la rge 
volume of hai ls tones and la rge sized stones in this a r ea (Fig. 9). Although 
the bean and corn plants had just emerged by 15 May, severa l losses in the 
10 to 25 percent levels a r e shown on Fig. 11. 
COMPARISON OF CROP-LOSS MEASUREMENTS 
AND HAILPAD MEASUREMENTS 
One of the long-range goals of the hail r e s e a r c h p r o g r a m has been 
to a sce r t a in which of severa l hailfall conditions (hailstone s ize , number of 
stones per unit a r ea , energy, wind) was most direct ly re la ted to crop-hai l 
damage. P r io r r e s e a r c h using the cooperative observer data (Changnon, 
1967a) had indicated that nei ther stone s ize nor frequency were closely re-
lated to damage, but the data were too qualitative to be totally conclusive. 
There is a need to es tabl ish the hailfall conditions that closely re la te to crop 
loss so that equipment can be designed to objectively m e a s u r e losses in a r e a s 
without crops or where crops a r e uninsured. 
The operat ion of 49 hailpads in 1967 and the 196 during 1968 has 
finally provided some useful quantitative data for studying this problem. In 
the 2-year period 29 different wheat losses ranging from 2 to 100 percent 
occur red within 100 feet of a hailpad. Hailpads were this near to 17 different 
corn l o s se s , although unfortunately the maximum loss m e a s u r e d close to a 
hailpad was only 25 percent . Hailpads a lso were close to 16 different soy-
bean losses that ranged from 2 to 100 percent . The percentage losses have 
been compared with var ious data from the i r nearby hailpads, and the most 
promising resul ts a r e shown by the graphs in Fig . 12. The s izes of the 
stones, considered for seve ra l ca tegor ies , showed no re la t ionship to the 
amount of loss . The resu l t s for total hailfall energy and total number of 
stones with d iameters l a rge r than 0. 25 inch a r e presented (Fig. 12) for 
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the th ree crops with the individual values designated by month so that any-
seasonal changes in the crop (as a target) could be a s s e s s e d . 
Wheat l o s se s show li t t le re lat ionship to hailfall energy with energies 
of 10. 0 foot-pounds per square foot being assoc ia ted with losses ranging 
from 4 to 100 percent . However, the plot of wheat l o s se s against the number 
of stones per square foot (a m e a s u r e of the to ta l volume of ice that fell), shows 
a fair ly good re la t ionship. 
Similar ly , corn losses show a poor re la t ionship to energy but a 
m a r k e d re la t ionship with the number of s tones . However, two s tone-number 
re la t ionships seen to exist as noted by the two l ines drawn in the lower graph 
for corn in Fig . 12. The curve based on May data indicates that it takes m o r e 
ice (stones) then than in July-August to rea l ize a corn l o s s . This ag rees with 
the suscept ib i l i ty- to-damage resu l t s obtained for corn in e a r l i e r r e s e a r c h 
(Changnon, 1966b). 
The re su l t s for soybean losses do not ag ree with those for corn and 
wheat in that stone frequency (lower graph) does not re la te well to loss and 
that hailfall energy does re la te to soybean l o s s . Three curves have been con-
st ruc ted for the soybean energy- loss data to conform to th ree apparently dif-
ferent seasonal re la t ionships . The June data (and possibly the one August 
data point) appear to fit a curve that indicates much l e s s energy is needed in 
June to produce a 10-percent loss than is needed in May or July. This ag rees 
with previous findings (Changnon, 1966b) which show that soybeans have 
per iods with g r e a t e r susceptibil i ty to loss in la te June and ear ly August than 
exist in May or July. 
These r e su l t s p resen ted in Fig. 12 a r e in teres t ing and need to be 
co r robora ted and expanded with m o r e data. It is hoped that network opera-
tions in 1969 will provide m o r e useful data, pa r t i cu la r ly on higher corn 
losses near hai lpads . 
INCREASED CROP-HAIL LOSSES FROM INADVERTENT 
WEATHER MODIFICATION 
A recent study of the precipi ta t ion anomaly d iscovered at La Por te , 
Indiana (Changnon, 1968c), has in te res t and possible importance for hail 
insurance groups. The h i s to r ica l weather r e c o r d s at La Por te showed size-
able i n c r e a s e s since the mid-1930 's in the amount of ra in (in the w a r m 
season), the number of days with modera te rainfall , the number of thunder-
s t o r m days, and in the number of hai l days. In the 1952-1957 period La Por te 
experienced more hail days than any other lcrcation in the United States. 
The extensive study of this localized anomaly led to the conclusion 
that the i nc reases were largely re la ted to m a n ' s inadvertent modification of 
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the a tmosphere . The large Chicago-Gary urban a r e a and re la ted indust r ia l 
complex located 25 to 30 mi les upwind of La Por te a r e producing many effects 
that could act to induce or enhance precipi ta t ion and, as a consequence, lead 
to inc reased thunders torms and hail . These effects include sizeable additions 
of freezing and condensation nuclei (par t ic les for droplets to grow on), added 
heat and surface roughness (to produce ver t i ca l motions in the a tmosphere) , 
and added wa te r vapor. 
The number of hail days at La Por te in the 1951-1965 per iod was 
246 percent g rea te r than the average number at the surrounding stat ions which 
was considerably l a rge r than the 31 percent i nc rease shown for annual precipi-
tation, 34 percent in ra in days, and 38 percent in thunder s to rms . This signi-
ficant i nc rease in hail at La Por te , which began in 1950 (Fig. 13), has at leas t 
two i tems of importance for the hail insurance industry. One is that a r e a s 
downwind of major ci t ies may expect to exper ience m o r e hail loss than other 
nearby r u r a l a r e a s , and secondly, that the urban-induced hail i nc rease may 
occur rapidly and, be marked by sharp y e a r - t o - y e a r fluctuations. 
On Fig. 13 the 5-year moving average curves of Chicago, South 
Bend, and Ogden Dunes, al l stations with re l iable hail r ecords and rela t ively 
close to La Por te , a r e presen ted for compar ison with that at La P o r t e . The 
dramat ic inc rease in hail days at La Po r t e began in the 5-year per iod ending 
in 1952, a peak being reached for the 5 ye a r s ending in 1956-1957. After a 
recess ion for the 1956-1960 period, a second peak was reached with 52 hail 
days in the 1961-1965 period. 
The hail data at La Por t e and surrounding stations available in the 
1901-1965 per iod were used to develop the average pat tern of hail days shown 
in F ig . 14. Although La Por te did not experience exceptionally l a rge num-
b e r s of hail days p r io r to 1950, the very la rge numbers experienced since 
then c rea te a relat ively high incidence a r e a (82 days) for an average 20-year 
per iod within the 1901-1965 base period. Other stations northeast and south-
east of La Por t e had relat ively high hai l -day averages substantiating the 
real i ty of the La Por te high value. The careful r e s e a r c h of the 30 days in 
the 1951-1965 period when La Por te had hail and none occur red e lsewhere 
in the surrounding 4-s ta te a rea revealed that hail on these "solo" days 
1) occur red largely in the summer , and 2) occur red largely at night between 
midnight and noon, normal ly a period of low hail incidence (Changnon, 1968e). 
The question of the validity of the La Por te hai l -day inc rease was 
investigated thoroughly. One means of investigation was to inspect and com-
pare the La Por te data with the hail insurance data for the counties in the 
La Por te a r e a . Annual loss cost data f rom La Por te County and th ree other 
nearby counties (Fig. 15) that could be suspected of experiencing man-made 
hail effects were used to calculate regional annual average loss cos t s . To 
provide a meaningful m e a s u r e of hail l o s s , only y e a r s with a 4-county lia-
bility of $100, 000 or m o r e were used in this analys is , and only years after 
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1942 had this much liabil i ty. F ive -yea r moving totals of the 4-county aver-
age loss costs were used to make a t empora l graph (Fig. 15) that would be 
comparable w i th tha t for Weather Bureau hail days in Fig. 13. The La Por t e 
hail day curve also was replotted on the Fig. 15, and a r emarkab le associ-
ation is indicated. This indicates that 1) a good relat ionship exis ts between 
hail days and amount of annual l o s s , 2) the urban-produced inc rease in hai l 
days at La Por t e a r e substant ia ted and thus rea l , and 3) s izeable m a n - m a d e 
inc reases in hail loss have been experienced. 
The average loss frequency (number of ye a r s with loss divided by 
the number of yea r s with liability) of the four counties, as based on 34 y e a r s 
of data in each county (1933-1966), was 43 percent . That for the two counties 
east of La Por t e and Starke Counties was only 30 percent , indicating a g r ea t e r 
frequency of hail losses in the a r e a that apparently re la ted to the urban-pro-
duced hail . 
A recent paper reviewing r e s e a r c h into urban- indus t r ia l effects on 
precipi tat ion (Changnon, 1969) suggested that localized high hail incidence 
a r e a s in and around Kansas City and Omaha might be re la ted to urban effects. 
Kansas City and environs were shown to average 14 percent m o r e hail days 
than did r u r a l a r e a s to the west or east , and the Omaha average hail day fre-
quency was eight percent higher than those in the surrounding r u r a l a r e a s . 
The Chicago urban- indus t r ia l complex has led to significant i n c r e a s e s 
in hai l days and hail l o s se s in the a r e a adjacent and out to 40 mi les downwind 
of it. Other evidence points to s imi l a r but l e ss significant i nc r ea se s in hai l 
days in the Kansas City and Omaha urban a r e a s . Thus, there appears to be 
ra the r good evidence that man has inadvertent ly produced hail with a fre-
quency and a quantity sufficient to produce inc reased crop-hai l damages . The 
rapid inc rease in losses in the La Por te a r e a a lso suggests this may occur 
ra ther suddenly. 
SURFACE MODELS OF HAILSTORMS 
The accumulation of a l a rge amount of surface data in and around 
16 ha i l s t r eaks (areas of continuous hail) in Illinois during an 8-year per iod 
has allowed a detailed analys is of the instantaneous pa t te rns of hail (hail 
a r eas ) during al l s tages of the ha i l s t r eak l i fe t imes. These instantaneous 
(1-minute) hail a r ea maps por t ray the a r ea l distr ibution of different s izes 
of s tones , size and shape of hail a rea , rotation, re la t ions between hail 
a r e a s and rainfall , and lightning assoc ia ted with hail . 
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All 16 h a i l s t r e a k s p r o d u c e d d a m a g e s t o c r o p s a n d / o r p r o p e r t y , a n d 
1-inch o r l a r g e r s t o n e s (Tab le 2). E l e v e n s t r e a k s o c c u r r e d i n s u m m e r 
( J u n e - A u g u s t ) and five o c c u r r e d i n t h e s p r i n g s e a s o n ( M a r c h - M a y ) . Data 
f r o m a d d i t i o n a l h a i l s t r e a k s would m a k e t h e s e r e s u l t s m o r e mean ingfu l , but 
c o l l e c t i o n o f a d e q u a t e da ta i s v e r y diff icul t . I n - s t o r m m e a s u r e m e n t s a r e 
h a z a r d o u s and difficult a n d t o m o d e l h a i l s t o r m s we a r e f o r c e d t o s tudy de t a i l ed , 
a l though l i m i t e d s u r f a c e h a i l da ta . 
T a b l e 2. C h a r a c t e r i s t i c s of 16 D a m a g i n g H a i l s t r e a k s 
Synopt ic Mot ion Max. Max . M a x . 
Dura t i on , w e a t h e r R a i n Di r . , Speed, S i ze , l eng th , wid th , s t one 
Date CST m i n u t e cond i t ion da ta deg . m p h mi 2 mi m i . d iam. , in 
6 / 2 2 / 6 0 1848 50 s t a . fnt. no 288 21 57 17 .0 3 . 9 2 . 0 
6 / 2 2 / 6 0 1853 30 s t a . fnt. no 302 23 29 11 .5 3 . 0 2 . 2 
6 / 2 2 / 6 0 1853 16 s t a . fnt. no 285 24 12 6 . 5 2 . 2 0 . 9 
6 / 2 2 / 6 0 1864 43 s t a . fnt. no 304 14 36 10 .0 4 . 1 2 . 5 
6 / 2 2 / 6 0 1903 33 s t a . fnt. no 265 12 19 6 . 3 3 . 0 2 . 5 
6 / 2 2 / 6 0 1911 25 s t a . fnt. no 248 16 11 6 .6 2 . 1 3 . 3 
3/ 4 / 6 1 1730 14 s q u a l l l i n e y e s 269 31 21 10 .1 2 . 0 2 . 0 
5 / 1 7 / 6 2 1347 21 w a r m fnt. yes 252 24 18 9 . 2 3 . 0 1. 2 
5 / 1 7 / 6 2 1400 10 w a r m fnt. yes 233 36 6 6 .0 1.5 1.0 
8/ 8 /63 1600 26 a i r m a s s y e s 38 18 17 7 .9 2 . 9 -1.3 
3 / 1 2 / 6 7 1635 28 s q u a l l l i n e y e s 258 31 36 13 .8 3 . 1 3 . 3 
3 / 1 2 / 6 7 1641 26 s q u a l l l i n e y e s 254 37 37 15 .0 3 . 0 1.5 
7 / 3 1 / 6 7 1640 37 a i r m a s s yes 300 26 47 1 6 . 3 4 . 6 2 . 5 
8/ 3 /67 1200 25 s q u a l l l i n e no 287 28 51 11 .1 6 . 0 1.2 
8/ 3 /67 1200 16 s q u a l l l i n e no 312 22 13 6 .0 2 . 0 0 . 8 
8/ 3 /67 1206 22 s q u a l l l i n e no 296 32 43 10 .6 5 . 5 1.1 
A v e r a g e s for 16 2 6 . 4 281 2 4 . 7 2 8 . 3 1 0 . 2 3 . 2 1.8 
A v e r a g e s for 171 
non d a m a g i n g 
s t r e a k s 8 .5 268 4 3 . 1 8 . 1 5 .8 1.4 0 . 3 
A v e r a g e v a l u e s for c e r t a i n c h a r a c t e r i s t i c s o f t h e 1 6 s t r e a k s a r e l i s t e d 
for c o m p a r i s o n w i th t h o s e b a s e d on 171 non d a m a g i n g h a i l s t r e a k s in I l l ino is 
(Changnon, 1968d) . The d a m a g i n g s t r e a k s h a v e m u c h l a r g e r v a l u e s o f d u r a t i o n , 
s i z e , l ength , and wid th t h a n do t h e non d a m a g i n g s t r e a k s , but s l o w e r s p e e d s and 
m o r e n o r t h w e s t e r l y m o t i o n s . T h e h a i l - p r o d u c i n g synop t i c w e a t h e r cond i t ions i n 
t h e five s p r i n g s t o r m s and 1 1 s u m m e r s t o r m s a r e t h o s e found t o b e p r e v a l e n t i n 
the p r o d u c t i o n of d a m a g i n g s t o r m s in I l l ino is (Changnon, 1961 ) . 
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Data 
Meteorological t e ams canvassed the s t o r m a r e a s to provide much 
of the data. The s t reaks occu r r ed in densley set t led r u r a l a r ea s (4 to 6 f a r m s 
per square mile) or in urban a r e a s , and in most ins tances at least one r a t h e r 
detailed t ime measu remen t for different stone s izes was collected for each 
square mi l e . Other data such as stone s t ruc tu re s , number per square foot, 
and angle of fall were a lso collected when avai lable, but were too s p a r s e for 
a detailed ana lys i s . Additional hail data for seven s t o rms were obtained in 
dense networks of recording ra ingages modified to r e c o r d hail (Changnon, 
1966a), and the detailed rainfall data a lso allowed a m e s o scale ra in -ha i l 
analysis for these seven s t o r m s . Additional hai l data for 10 s to rms were fur-
nished by cooperative hail obse rve r s in existing hail ne tworks . 
Analysis 
The many point m e a s u r e m e n t s of hail size and t ime were used to 
construct 1 - minute maps of hailfall (hail a r e a s ) for the ent i re lifetime of 
each ha i l s t reak . A schematic example of these maps i l lustrat ing the kind 
of data and the terminology used in this paper is shown in F ig . 16. Quality 
data on stone types, number per unit a rea , and angle of fall were genera l ly 
too sparse to allow a comparable analysis of these fea tures . 
The conditions exhibited on the 1-minute maps near the beginning 
of the s t reak (first 1-5% of duration), at the t ime 20% of the duration had 
elapsed, at 40%, at 60%, at 80%, and at 95-100% of the total duration (near 
s t reak terminat ion) were summar i zed for a l l 16 s t r eaks . This normal iza t ion 
method for s ix fixed t ime per iods was the basis for comparing and modeling 
the ha i l - a r ea cha rac te r i s t i c s of s t reaks with different durat ions. Although 
the sample was small , the data for the 11 s u m m e r (June-August) s t o rms w e r e 
grouped and analyzed, as were the data for the five spring (March-May) 
s t o r m s , and seasonal values a r e presented where they differed. 
The computations made for each of the six fixed pe rcen t - t ime inter-
vals included ' 1) the a r e a l shape, including the length of the width and depth 
(Fig. 16) and the difference in the orientat ions of the s t o r m motion and width 
ax is , 2) the size of a rea of smal l stones (diameter 0. 2-0. 5 inch), modera te 
stones ( 0 . 5 - 1 . 0 inch), and la rge stones (> 1.0 inch), 3) a r e a l positioning of 
stone size c l a s ses in nine zones (Fig. 16), 4) motion in distance and azimuth 
of the front and back cen te rs of the hail a r ea , and 5) re la t ions with assoc ia ted 
rainfall including the placement and dis tances between the hai l a r e a and the 
rainfall core and cell edges, the maximum rainfall r a t e in the hail a r ea , and 
the stage of the r a m cell . Analysis of lightning included the type and d i rec t ion 
assoc ia ted with different stone s i zes . 
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Individual Charac te r i s t i c s 
Hail Area Shape. Most hail a r e a s had somewhat i r r e g u l a r shapes , 
being generally el l iptical (Fig. 17) with the major axis (width) general ly 
oriented normal to the hail a r e a motion. The width and depth averages 
(Table 3) revea l that the spring hail a r ea s were not as ell iptical as those in 
summer . In the f i rs t th ree in terva ls , the spring depth averages exceeded 
the width, whereas summer a r e a widths were g rea te r than depths at all inter-
vals . Ratios of width to depth for all ha i l s t r eaks inc rease with duration, f rom 
1. 2:1 at 1% to 1. 4:1 at the 80% interval . The widths frequently exceeded the 
depths at most t imes (Table 3) except at 40% when only 9 of the 16 a r e a s had 
widths g rea te r than depths. 
The orientation differences between the width axis and the hai l a r e a 
motion reveal (Table 4) that the spring s t r eaks were oriented more near ly at 
right angles than were those of s u m m e r s t r e a k s . Rotation of the 16 hail a r e a s , 
as measured by changes in the width orientat ion between in terva ls , was near ly 
evenly divided between anticyclonic and cyclonic at the t ime in terva ls between 
20% and 80%. However, 12 hail a r e a s (75%) had anticyclonic rotation during 
the 1-20% period, and 11 had cyclonic rotat ion during the 80-100% period. 
Hail Area Size. Median size values of the hai l a r e a and the th ree 
s tone-s ize regions within i t we re presen ted ra ther than averages because a 
few large values (Table 5) in two s t r eaks made the averages unrea l i s t ica l ly 
l a rge . Regions for each stone s ize in s u m m e r s t reaks exceed those of spring 
s t r eaks at mos t t ime in te rva l s . The hail a r e a s maximized at the 60% inter-
val . The graphed values for a l l s t reaks (Fig. 18) compare the extent of the 
th ree size regions . The average t imes of beginning and ending of the moder-
ate and la rge stones (Table 6) were derived from the 1-mmute maps . The 
bigger stones began and ended la te r in the spring s t r eaks than in s u m m e r 
s t r eaks . The begin-end ex t remes show that in some s t reaks the bigger s tones 
occur red at all t imes (1-100%) in the s t reak duration. 
Distr ibution of Stone Size Regions in Hail Area . The seasonal 
values for positioning were alike and only resu l t s for all s t r eaks a r e pre-
sented (Fig. 19). Initially (Fig. 19) smal l stones prevai l in al l zones with 
modera te s izes assuming predominance in the 20-40% t ime in te rva l s . In 
the 60 and 80% intervals large stones predominate in the r i g h t - r e a r zones 
(replacing the moderate) , and this distr ibution is not unlike that in a 
schematic model by Browning (1964). The d iagram in Fig. 19 show that 
the location of grea tes t frequency for each s ize has ia motion. Moderate 
and large stone cen te rs move cyclonically which agrees with the sor t ing 
expected in a ha i l s t o rm model of Bates (1963). 
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T a b l e 3 . C o m p a r i s o n o f Ha i l A r e a Wid th s a n d Depths a t 
T i m e I n t e r v a l s Dur ing H a i l s t r e a k 
A v e r a g e l eng th , m i , a t p e r c e n t t i m e i n t e r v a l s i n s t r e a k d u r a t i o n 
1-5% 20% 40% 60% 80% 95-100% 
Wid Dep Wid Dep Wid Dep Wid Dep Wid Dep Wid Dep 
S p r i n g 0 . 9 1.2 1.5 1.9 1.9 2 . 2 2 .5 2 . 2 2 . 4 2 . 2 1.2 1.0 
S u m m e r 1.8 1.0 2 . 9 2 . 0 3 . 4 3 . 0 3 .6 2 . 8 3 . 3 2 . 1 1.8 1.2 
Al l 1.5 1.1 2. 5 2. 0 2. 9 2. 7 3. 3 2. 6 3. 0 2. 2 1.6 1. 2 
R a t i o o f A v e r a g e wid th to a v e r a g e dep th 
1 - 5% 20% 40% 60% 80% 95-100% 
S p r i n g 0 . 7 1 0 . 8 1 0 . 9 1 1 . 1 1 1 . 1 1 1.2 1 
S u m m e r 1.8 1 1.4 1 1 . 1 1 1.3 1 1.6 1 1.5 1 
T o t a l 1.2 1 1.2 1 1 . 1 1 1.3 1 1 .4 1 1.3 1 
N u m b e r o f t i m e s width e x c e e d e d dep th 
T o t a l 1-5% 20% 40% 60% 80% 95-100% 
Spr ing 5 2 2 3 3 3 3 
S u m m e r 11 11 9 6 8 9 10 
T o t a l 16 13 11 9 11 12 13 
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T a b l e 4 . C o m p a r i s o n of O r i e n t a t i o n s of H a i l A r e a Width 
and T h o s e o f S t o r m Mot ion Dur ing H a i l s t r e a k 
A v e r a g e d i f f e r ence , d e g r e e s , i n o r i e n t a t i o n s ( m e a s u r e d 
c l o c k w i s e f r o m s t o r m o r i e n t a t i o n ) a t p e r c e n t t i m e 
i n t e r v a l s i n s t r e a k d u r a t i o n 
1 - 5% 20% 40% 60% 80% 95 - 100% 
S p r i n g 87 90 92 94 102 108 
S u m m e r 108 113 109 110 108 103 
T o t a l 101 105 103 105 107 105 
N u m b e r o f t i m e s e a c h h a i l w id th ax i s r o t a t e d b e t w e e n 
p e r c e n t t i m e i n t e r v a l 
5 to 20% 20 t o 40% 40 to 60% 60 t o 80% 80 t o 95% 
p e r i o d p e r i o d p e r i o d p e r i o d p e r i o d 
A n t i -
cyc lon i c 12 9 9 7 5 
Cyc lon ic 4 7 7 9 11 
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T a b l e 5 . M e d i a n S i z e s o f Ha i l A r e a s and Stone R e g i o n s 
A r e a , mi 2 , a t p e r c e n t t i m e i n t e r v a l s in s t r e a k d u r a t i o n 
1-5% 20% 40% 60% 80% 95-100% 
S m a l l - s t o n e r e g i o n 
S p r i n g s t r e a k s 1.0 1.5 1.8 1.2 1.5 0 . 8 
S u m m e r s t r e a k s 1.1 2. 6 2. 2 2. 3 1.7 1.1 
Al l s t r e a k s 1.1 2 . 0 1.9 1.8 1.7 1.1 
M o d e r a t e - s t o n e r e g i o n 
S p r i n g 0 0 . 6 1.6 2 . 0 2 . 2 0 . 5 
S u m m e r 0 1.0 2 . 4 2 . 2 1.7 0 . 3 
Al l 0 0 . 8 1.9 2 . 2 1.9 0 . 3 
L a r g e - s t o n e r e g i o n 
S p r i n g 0 0 0 . 4 1.4 1.3 0 
S u m m e r 0 0 1.0 1.7 1.4 0 
Al l 0 0 0 . 5 1.7 1.3 0 
Ha i l a r e a 
S p r i n g 1.0 2 . 1 3 . 8 4 . 6 5 . 0 1.3 
S u m m e r 1.1 3. 6 5. 6 6. 2 4. 8 1.4 
A l l 1.1 2. 8 4. 3 5. 7 4 . 9 1.4 
M a x i m u m 7 . 8 16. 3 1 7 . 2 1 4 . 1 1 0 . 6 6 . 2 
M i n i m u m 0 . 3 0 . 9 1.6 1.5 1.6 0 . 4 
T a b l e 6 . T i m e of Beg inn ing and End ing of B i g g e r H a i l s t o n e s 
T i m e p e r c e n t o f s t r e a k d u r a t i o n 
M o d e r a t e - s i z e s t o n e s L a r g e - s i z e s t o n e s 
B e g i n E n d B e g i n E n d 
S p r i n g a v e r a g e 27% 97% 43% 86% 
S u m m e r a v e r a g e 14 93 31 84 
T o t a l s t r e a k s a v e r a g e 18 95 36 84 
E a r l i e s t 1 58 9 60 
L a t e s t 39 100 57 100 
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Motion of Hail Area . The direct ion and amount of motion were 
m e a s u r e d using the front and back center points (Fig. 16). Table 7 p resen t s 
average direct ional values indicating 1) spring a r e a s moved f rom the WSW, 
whereas the summer ones moved from the NW, and 2) the in-motion changes 
during spring s t reaks a r e l ess than those in s u m m e r s t r eaks . The frequencies 
of direct ion change in Table 7 show that right tu rns prevailed in ear ly and late 
s tages of s t r eaks , whereas left tu rns were m o r e prevalent in middle stages.. 
The seasonal values of distance moved showed little difference and 
only values for a l l s t reaks a r e presented (Table 8). Average front motion (and 
speed) is uniform until after the 80% interval , whereas the motion of the back 
center continually inc reases during 1-80% period. The differences in the 1-40% 
per iod show that the g rea tes t motion, and thus growth, occurs on the front of 
the hail shaft. However, the increas ing motion of the back exceeds that of the 
front in the 40-100% period, reveal ing that dissipation of hail occurs in the 
back of the hail shaft. Front motion exceeded back motion in a l l 16 s t r eaks in 
the 1-20% period, in 12 s t reaks in the 20-40% period, 10 in the 40-60%, 4 in 
the 60-80%, and in only 1 in the 80-100% period. 
Ra in -Hai l Relat ions . The locations and distances of the cen te rs of 
the hail a r ea and the l a rge-s tone region were referenced from the ra in core 
center (Fig. 16) for the seven s t reaks with ra in data. The centers of the hai l 
a r e a s were concentrated in the ra in core at a l l t ime in tervals , but with some 
dispers ion into mos t surrounding zones after the 40% interval . Average dis-
tances (Table 9) between centers of hail a r ea s and rain cores i nc rease with 
t ime but none a re grea t . The la rge stone cen te rs general ly positioned in the 
right center , right r ea r , and back center zones around the core , which ag ree s 
with Schleusener ' s (1962) resu l t s for Colorado. The lalrge hail centers a r e 
a l l about one mile out from the center of the ra in core , a lso indicating close 
proximity between heavy ra in and large hail . At most in tervals the average 
distances between the hail a r e a center and the front and back edges of the r a in 
cell (Table 9) were equivalent. 
The stage of ra in cell life (growth, matur i ty , or dissipation) at 
each interval of ha i l s t r eak duration was determined using the pa t te rn and 
amount of rain. Damaging hai l fell in each stage of some s t reaks but most 
often occur red as a ra in cell was going from the growth to the matur i ty s tage . 
The averages of the maximum rainfall r a t e s m e a s u r e d inside the hail a r ea 
inc reased with t ime (Table 10) peaking at 60%. The hail at all in tervals 
occur red in a r ea s of relat ively heavy rainfall . 
The average direct ion of motion of the seven ra in cores and the i r 
hail a r eas was determined at each in terval . Thei r differences (Table 10) a r e 
consistent indicating that both were moving as a unit. 
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T a b l e 7 . D i r e c t i o n of Mot ion of F r o n t C e n t e r of Ha i l A r e a s 
Dur ing H a i l s t r e a k s 
P e r c e n t t i m e p e r i o d s o f h a i l s t r e a k d u r a t i o n 
D u r a t i o n 
1-20% 20-40% 40-60% 60-80% 80-100% M e a n  
A v e r a g e d i r e c t i o n , d e g r e e s 
S p r i n g s t r e a k s 253° 250 250 252 261 253 
S u m m e r s t r e a k s 294 301 299 291 307 298 
Al l s t r e a k s 281 285 283 278 292 284 
D i r e c t i o n change f r o m 
p r i o r p e r i o d  
S p r i n g s t r e a k s                      -3o          ±o               +2            +9 
S u m m e r s t r e a k s +7 -2 -8 +16 
A l l s t r e a k s - - - + 4 - 2 - 5 +14 
F r e q u e n c y of d i r e c t i o n 
change f r o m p r i o r p e r i o d 
Righ t - - - 9 6 6 12 
Left 5 8 10 4  
No change 2 2 0 0 
A v e r a g e d i r e c t i o n 
c h a n g e , d e g r e e s 
With r i g h t t u r n s 18 8 17 12 
With left t u r n s - - - 19° 9 18 8 
* K E Y : + = r i g h t t u r n 
- = lef t t u r n 






Table 8. Movement of Front and Back Centers of 
Hail Areas During Hai l s t reaks 
Distance, mi les , during percent t ime periods of 
ha i l s t reak duration 
1-20% 20-40% 40-60% 60-80% 80-100% 
Front Center 
Average 1.9 1.9 1.7 2.0 1.3 
Maximum 4.0 5.7 2.9 4. 1 3.9 
Minimum 0. 8 0.6 0. 8 0. 7 0. 2 
Back Center 
Average 1.2 1.6 1.8 2 .4 2.0 
Maximum 2. 2 4. 2 4. 7 4. 3 3. 7 
Minimum 0. 2 0. 2 0. 5 0. 8 0. 5 
Average 
difference, 
FC - BC +0.7 +0.3 - 0 . 1 - 0 . 4 - 0 . 7 
Table 9. Average Distances between Centers of Hail Areas and 
Core and Edges of Rain Cell During Hai ls t reaks 
Distance, m i , at percent t ime in tervals of s t reak duration 
1-5% 20% 40% 60% 80% 95-100% 
Rain core center to 
hail a r ea center 0.2 0.3 0.6 1.0 0.8 0.9 
Ram core center to 
la rge hail region --- 0.8 1.0 1.3 1.4 0.7 
Hail a r e a center and 
ra in cell front 2 .4 2.8 3.0 3.1 3.1 2.9 
Hail a r e a center and 
rain cel l back 2.6 2.9 3.0 3. 3 2.9 2. 7 
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T a b l e 10. C h a r a c t e r i s t i c s of Ra in fa l l 
Dur ing H a i l s t r e a k s 
P e r c e n t t i m e i n t e r v a l d u r i n g h a i l s t r e a k d u r a t i o n 
1-5% 20% 40% 60% 80% 95-100% 
M a x i m u m r a i n f a l l r a t e 
i n h a i l a r e a , i n / h r 
A v e r a g e 2. 1 2 . 4 2. 8 3 . 2 2. 9 2. 3 
H i g h e s t 4 . 8 5 . 0 5 . 0 5 . 8 5 . 5 5 . 3 
F r e q u e n c y o f r a m 
c e l l s t a g e s  
G r o w t h s t a g e 6 5 4 2 2 0 
M a t u r i t y s t a g e 1 2 3 5 4 4 
D i s s i p a t i o n s t a g e 0 0 0 0 1 3 
A v e r a g e d i r e c t i o n of 
m o t i o n , d e g r e e s  
R a m c o r e s 270 276 272 274 281 283 
H a i l a r e a s 280 284 280 279 275 284 
Di f f e rence , R L - H A - 1 0 -8 -8 -5 +6 -1 
T a b l e 1 1 . D i r e c t i o n a n d Type of L igh tn ing 
P e r c e n t o f t o t a l r e p o r t 
S m a l l M o d e r a t e L a r g e 
P r e d o m i n a t e t ype 
C l o u d - t o - c l o u d 33 30 25 
C l o u d - t o - g r o u n d 56 60 70 
Both 11 10 5 
P r i m a r y d i r e c t i o n 
N o r t h 27 22 4 
E a s t 6 10 30 
South 31 34 31 
Wes t 20 14 7 
O v e r h e a d 16 20 28 
-20-
Lightning with Hail. Direction and type of nearby lightning (within 2 
miles) at points in smal l , modera te , and la rge hail regions were known for 
10 s t o r m s . The cloud-to-ground r epor t s (Table 11) represen ted 56% of the 
s m a l l - s i z e r epor t s , 60% of the modera te , and 70% of the l a rge-s tone r e p o r t s . 
Cloud-to-cloud frequency decreased with increas ing stones s i zes . The direc-
tion to nearby lightning f rom points where la rge hail occur red showed much 
grea te r percentages to the eas t and overhead than did those with the smal l 
and modera te stones (Table 11). The plot of these directional values (Fig. 20) 
in thei r p r e f e r r ed locations shown at the 60% interval (Fig. 19) suggests that 
lightning activity was most frequently posit ioned in and to the south of the 
mode ra t e - and la rge-s tone regions . 
Models of Hai ls torms 
As noted in a recent hail model repor t (Orville et a l . , 1966), simi-
lar i t i e s in ha i l s to rm features need to be identified to understand hail phys ics . 
Although the 16 damaging ha i l s t r eaks differed in many ways, cer ta in charac-
te r i s t i c s were quite s imi la r in al l s t r e a k s . For instance, al l made right 
tu rns in the i r ear ly and late s tages , and the i r motions always closely agreed 
with those of the ra in core . The center of the hail a rea was always in or 
ve ry near to the ra in core and often posit ioned midway between the front and 
back of the ra in cell . The hai l a r e a was a lmost always ell iptical with the 
width 1. 3 t imes g rea te r than the depth oriented normal to the s t o r m motion, 
and rotating anticyclonically ear ly and cyclomcally la ter in life. In the s t r e a k ' s 
ea r ly s tages , a l l stones were smal l and l a rge stones never fell in the left 
center or front of a hail a r e a . In all s t r e a k s , the motion (growth) of the front 
of the hail a r ea exceeded that of the back side during the f i rs t 40% of life. 
Cer ta in motion, s ize , and shape features based on all 16 s t reaks a r e modeled 
in Fig. 21 (with other features in F igs . 18 and 19). 
This study suggests the re is a Midwest spring ha i l s to rm model and 
a summer one. The hail a r e a of the spring model is smal le r at most t i m e s , 
continues to grow over a longer period, is more nearly c i rcu la r , has a 
width oriented more normal to motion, and experiences the beginning and 
end of l a rge r stone s izes l a te r in the s t r eak life than do the summer s t r e a k s . 
These resu l t s a r e also presented in another publication (Changnon, 1968b). 
RELATIONS BETWEEN WEATHER BUREAU HAIL DAYS 
AND INSURANCE HAIL LOSS DAYS 
In an ea r l i e r study of hail data for the, 1948-1959 period, Changnon 
(1960b) found a good relat ionship between the statewide frequency of summer 
hai l days, as defined from U. S. Weather Bureau data, and the annual loss 
cost in Il l inois. The amount of a r ea in nor th -cen t ra l Illinois with s u m m e r 
hai l -day frequencies exceeding those expected once in 10 yea r s was highly 
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cor re l a t ed (+0. 96) with the annual loss cos t s . This relat ionship has served 
as the rationale for using the long r eco rds of Weather Bureau stations 1) to 
synthetically develop annual loss cost exper ience in Illinois for the 47 yea r s 
p r io r to 1948 (Roth, 1960), and 2) m o r e important ly, to develop insurance 
ra te regions within the Illinois s ta t ions . Since the Weather Bureau hail 
r eco rds include al l dates of hail and many of these a r e non damaging days, 
the re is s t i l l a need to es tabl ish for a r e a s much sma l l e r than the s ta te the 
re la t ionship between insurance los s -day frequencies and the Weather Bureau 
hai l -day frequencies if the ha i l -days data a re to be used in "expanding" the 
insurance experience on a county b a s i s . 
Study of the Kansas average hai l day pa t t e rns and the statewide loss 
cost and loss frequency pat terns (Stout and Changnon,, 1967) showed correla-
tion coefficients of +0. 61 between the average June haiL-day pat terns and 
insurance loss cos ts . The coefficient for loss frequency (number of years of 
loss in 1924-1964 divided by number of yea r s with liability) and average hail 
days was +0. 52. 
Recent NSF-sponsored hail r e s e a r c h (NSF GA-482) included the 
determinat ion of regional hai l -day frequencies for five smal l a r e a s in Illinois 
(see Fig. 4 in CHIAA R e s e a r c h Report 39). These frequencies were cal-
culated on a seasonal and annual bas is for the 1934-1963 per iod using all the 
Weather Bureau stations in each a r e a . Another par t of this r e s e a r c h involved 
using county crop-hai l loss data for the 1948-1966 period also to develop 
smal l a r e a (see Fig. 5 in CHIAA R e s e a r c h Report 39) s ta t i s t ics including 
regional ha i l - lo s s -day f requencies . 
One 1000-square-mi le a rea defined by five Weather Bureau stations 
was located in ea s t - cen t r a l Il l inois, and it par t ia l ly overlapped one of the 
1500-square-mi le a r e a s (composed of Livingston and F o r d counties) devel-
oped as one of the four insurance data a r e a s . Both a r e a s had hail data for 
the per iod 1948-1963 (16 yea r s ) , and cor re la t ions were performed using 
data f rom this period. The re su l t s (Table 12) a r e very encouraging for the 
relat ionship between annual hai l -day frequencies and total loss days. The 
+0. 86 coefficient indicates that the Weather Bureau annual hai l -day frequency 
in a smal l a r ea explained 74% of the var ia t ion in the number of loss days. 
However, the annual hai l days explained only 42% of the var ia t ion in large 
loss days, and the summer hai l -day frequencies a r e not as well co r re la ted 
with loss days as a re the annual days. This is to be expected since the loss 
days occur in s ix months (May-October) r a the r than solely from the three 
summer months (June-August) . Considering the fact that the two a r e a s a r e 
not totally coincident (only 20% overlapping), the cor re la t ions a re remark-
ably high and indicate that Weather Bureau ha i l -day frequencies for small 
county a r e a s a r e well r e la ted to insurance loss day frequencies for s imi lar 
sized a r e a s that a r e geographically juxtaposed. However, the r e su l t s shown 
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Table 12. Corre la t ion Coefficients Between Summer and Annual Weather 
Bureau Hail-Day Frequencies in 1000-mi2 Area and Annual Loss Day 
Frequencies in 1500-mi Area for 1948-1963 Per iod 
Corre la t ion coefficients 
Summer hail days Annual hail days Average 
(Weather Bureau) (Weather Bureau) number of days 
Total loss days +0.63 +0.86 15 
Total loss days with 
l o s t > $4000* +0.46 +0.65 2 
Average number of days 4- 12 
*Based on 1966 dollar value 
- 2 3 -
- -
in F igs . 2 and 5 of this repor t , and s imi la r network data for 1967, do sug-
gest that the re is a poor re la t ionship in any given yea r between the number 
of hail days at a point and the number of loss days at that point. 
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ABSTRACT 
Weather records for 49 locations and detailed agronomic data from 60 farms in a 400-mi2 area in central 
Illinois were used to study corn-weather relations exhibited by actual farming operations in a typical agri-
cultural area of the American Corn Belt Weekly, monthly and seasonal rainfall and temperature values 
plus agronomic data were correlated with corn yields durmg 1955-1963 The results are of added importance 
because the data sample was from a period when new agronomic practices, which could alter corn-weather 
relationships established in previous studies, were being widely employed 
July and August mean temperatures and cumulative degrees above 90F during July and August had the 
strongest correlations with corn yield, —0 50, —0 69 and —0 51, respectively July rainfall had a stronger 
association with yields than rainfall in any other month, but it was considerably less than the association 
for July temperature 
Weekly rainfalls and temperatures in early June and early August correlated moderately well with yields, 
a finding that does not agree with those from certain other corn-weather studies Several weather variables 
were more highly correlated with corn yield than were any of the newer agronomic practices generally con-
sidered to be important factors relating to corn yields A trend of increasmg yields with time during the 9-yr 
period was related to steady improvement in technological practices and also to a trend for better (cooler) 
corn weather in July and August 
In general, the results indicate that corn-weather relations defined by data from cash-grain farms during 
a recent 9-yr period of technological change are somewhat different from those defined in earlier studies 
using either experimental farm data or regional average yield data 
1. Introduction 
Many studies of weather influences on corn yields 
have been performed over the past 50 years Wallace in 
1920 and subsequently Davis and Palleson (1940), 
Ezekiel (1941), Houseman (1942), and Hendrichs and 
Scholl (1943) were among the first scientists to employ 
advanced statistical analyses in studies of corn-weather 
relationships In more recent years, studies by Runge 
and Odell (1958) and Dale and Shaw (1965) have been 
made to determine the weather-yield relationships 
using phenological (stage of growth) data These refer-
enced corn-weather studies were based either on point 
data from university-operated experimental farms or on 
area-mean data from large (county or state) regions 
A major problem facing all corn-weather studies has 
been to ascertain accurately the roles of weather 
factors, treated individually or collectively, and those of 
man-made (technology) factors which interact to pro-
duce a corn yield The adoption of hybrid corn in the 
1935-1945 period altered the previously established 
mteractions between technology factors and weather 
factors Widespread employment of commercial fertil-
izers, particularly nitrogen, since 1950 and the adoption 
of higher planting rates since 1955 have further altered 
this mteraction This latest phase of technological 
change has been associated with a period of continuous 
and rapid increases in corn yields, and this has made 
delineation of corn-weather relations more difficult 
However, assessment of the current role of weather in 
corn production is now essential because of the rapid 
increase in national and world food needs and the need 
to establish proper governmental controls on crop pro-
duction Recent studies relating to these needs have 
produced conflicting results concerning the role of 
weather and that of technology (Thompson, 1966, 
Shaw and Durost, 1965) 
The availability of nine years of recent (1955-1963) 
data on weather conditions, corn yields, and associated 
agricultural practices on cash-grain farms in a small 
area of central Illinois offered a unique opportunity to 
make a mesoscale study of corn-weather relations during 
this latest technology phase It also allowed an assess-
ment of corn-weather relations derived from actual 
farming operations as opposed to those established using 
experimental farm data or that for large areas The data 
for this study were obtained from 60 farms, 49 recordmg 
rain gages, and 7 temperature stations located m a 
400-mi2 area Nine years of data at the 60 locations pro-
vided a sample size of 540 yield values for correlation 
with weather and agronomic observations The study 
area is in a high-value, cash-grain farming region repre-
sentative of large segments of the American Corn Belt 
The value of the crops produced in this area in 1963 was 
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$16,500,000 Physiographically, the area is quite homo-
geneous It is a flat, featureless plain (maximum relief 
of only 260 ft) having deep, moderately permeable 
prairie soils that are highly productive Because the sur-
face and soils are generally uniform, corn-weather re-
sponses are not strongly affected by variations of soil 
quality and dramage 
Analysis of the corn-weather data from this mesoscale 
area was limited in that detailed phenological records of 
the crops were not available, although the general times 
of corn planting periods were known This lack of phe-
nological data meant that the weather-yield analyses 
had to be based on weather data for fixed time periods 
rather than on non-calendar periods associated with 
times of emergence, silking, tasseling, or other growth 
stages However, corn-weather relations determined for 
each of the three possible planting periods (early, 
middle and late) were quite similar, indicating that 
variations in stages of growth were not affecting the 
results based on arbitrary calendar periods 
Knowledge of the degree of correlation between 
weather conditions and yields from an actual group of 
farms has applications for 1) improving farm manage-
ment practices (Runge, 1966), 2) ascertaining irrigation 
potential (Swanson and Jones, 1966), 3) determining 
the weather conditions that need to be modified to 
get increases in yields, and 4) estimating possible gains 
that could be derived from weather modification 
(Kirkbride and Trelogan, 1966) Corn has become the 
most important crop in the United States (Thompson, 
1966), and the possible increase in production through 
weather modification is a matter of national concern 
2 Data 
Precipitation and temperature Most of the research 
was based on argicultural and weather data collected 
within a 400-mi2 area in central Illinois (Fig 1) The 49 
recording rain gages in this area are about 3 mi apart in 
a grid pattern, forming a square network of 20 mi per 
side Numerous measurements are needed to furnish 
an accurate picture of the rainfall variability in the 
area (Huff and Neill, 1957) which is typical of the ram-
fall regime of the Middle West Rainfall values for each 
farm were those measured at the nearest ram gage, 
usually less than 1 mi from the farm 
Temperature data for the 60 farm sites were obtained 
by regional interpolation of values recorded by seven 
U S Weather Bureau stations located in and around 
the network area (Fig 1) Because weekly and monthly 
temperatures in this region have a uniform gradient 
across 10- and 20-mi distances, these temperature esti-
mates were considered valid The basic weather infor-
mation used consisted of June through August data for 
weekly and monthly precipitation, weekly mean maxi-
mum temperatures, weekly and seasonal frequencies of 
days with 90F or higher temperatures, May-August 
data for monthly mean temperatures, pre-season pre-
cipitation (September through May), and cumulative 
degrees above 90F for the July-August period 
One limitation of this research and its results is the 
FIG 1 Location of rain gage network in central Illinois 
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9-yr sample of weather data which, unfortunately, mea-
sured only one moderate drought season, 1959 In the 
summer of 1955, the network area had between 39 and 
43 days of 90F or higher temperatures, but near-normal 
rainfall somewhat alleviated the high temperature 
effect In 1959 there were 36-40 days of 90F or higher 
temperatures, and the rainfall totals were only 50% of 
normal The 1955-1963 period in Illinois has been 
classified as a uniquely good corn-weather period 
(Thompson, 1966) However, the ranges of the point 
(farm) weather values in the 9-yr sample are repre-
sentative of the extremes recorded over a 60-yr period 
for 1) pre-season precipitation, 2) May temperature, 3) 
June precipitation, and 4) July precipitation On the 
other hand, mean temperatures in June, July and 
August have been higher than the maximum sample 
values 10% of the time and August rainfall has been 
higher than the sample maximum (6 7 inches) 5% of 
the time, as measured over the 60-yr period Normally, 
the area has 34 days per summer with 90F or higher 
temperatures, but in the 9-yr period only 1955 and 1959 
had more than normal, and the 7 other years had values 
between 9 days (1958) and 28 days (1963) 
Soil moisture calculations representative of the study 
area were made by Swanson and Jones (1966) for a 
period they considered critical for corn, 18 July-3 
August, for 58 yr including 1955-1963 Their results 
showed that soil moisture available in the top 5 ft of 
soil was more than 70% of capacity in 8 of the 9 study 
years, and more than 80% in 5 yr (1957, 1958, 1960, 
1962 and 1963) It was limiting only in 1959, when the 
amount in this 17-day period was 36% of capacity For 
this 17-day period, the 58-yr average available soil 
moisture was 6 5 inches, but the average determined for 
1955-1963 was 8 4 inches, further attesting to the 
generally good corn-weather conditions during most of 
the sample period Since the soil moisture in this period 
was seldom limiting, it was expected that temperatures 
would show a stronger relation with yields than would 
rainfall 
Agricultural Sixty farms (shown as shaded areas on 
Fig 2) were chosen to furnish argicultural information 
on the basis of availability and completeness of data for 
the 9-yr period Illinois Farm Bureau Farm Manage-
ment Service records were available for most of the 
farms Annual data for each farm included information 
on planting period, plant population, corn yield, soil 
productivity rating, and nitrogen application Planting 
periods were recorded as occurring in one of three 
periods 1) early planting (prior to 1 May), 2) middle 
planting (1-15 May), and 3) late planting (after 15 
May) Plant population was based on an estimate of the 
number of kernels planted per acre 
The 9-yr mean annual corn yield of the 60 farms was 
96 bushels acre-1, attesting to the high levels of pro-
ductivity of these farms Individual annual yields 
ranged from a low of 44 to a high of 145 bushels acre-1 
Farm size ranged from 60 to 760 acres with an average 
of 210 acres 
3 General correlations 
First impressions of associations of corn yield with 
four agricultural variables and ten weather variables 
were obtamed from simple linear correlations Agri-
cultural variables were planting period, plant popula-
tion, soil productivity rating, and nitrogen applied in 
the year Weather variables were pre-season precipita-
tion, monthly mean temperature for May, June, July 
and August, number of days with 90F or higher for the 
June-August period, number of cumulative degrees 
above 90F in July and August, and monthly rainfall 
totals for June, July and August The year of observa-
tion was also included as a variable to check for correla-
tions which would suggest the presence of linear time 
trends among the variables 
TABLE 1 Linear correlation coefficients 
Corn yield 
Individual Yearly-
obser- mean Year 
Variables vations values (trend) 
Year 0 70 0 89 
August mean temperature —0 69 —0 89 —0 69 
Sum of degrees above 90F 
i n July-August - 0 51 -0 66 -0 61 
July mean temperature —0 50 —064 —0 58 
Nitrogen 0 41 0 91 0 87 
Number of days above 
90F, June-August - 03 7  - 04 7  - 0 3 1 
Plant population 0 35 0 87 0 97 
August rainfall 0 29 0 37 0 30 
June mean temperature 0 29 0 37 0 33 
July rainfall 0 24 0 34 015 
June rainfall - 022  - 029  - 0 35 
Pre-season precipitation 0 13 0 22 0 14 
May mean temperature —0 07 —0 09 —0 13 
Soil productivity 0 05 
Planting period - 0 0 1 - 0 2 5 - 0 4 2 
The sample from 60 farms over 9 yr provided a total 
of 540 individual observations for each variable, ex-
cept soil productivity, for which one observation was 
available for each farm for the period In addition, a 
mean value for each variable was determined for each 
year Correlation coefficients were computed for the 
540 individual observations and for the 9 yearly-mean 
values for each variable These coefficients are shown in 
Table 1 Correlations based on the 540 individual ob-
servations denote the strength of associations for those 
interested m individual yield variation Correlations 
based on yearly-means are appropriate when average 
production is considered The latter correlations are 
also more appropriate for comparisons with the correla-
tions in the year (trend) column which are also based 
on yearly-mean values For a sample size of the order of 
540 individual yields, correlations with yield on the 
order of ±0 09 and ±0 11 are sufficient for significance 
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FIG 2 Location of farms in ram gage network 
at the commonly used 0 95 and 0 99 probability levels, 
respectively (Snedecor, 1946) Considering 9 yearly-
means of each variable as a sample of size 9 correlations, 
of the order of 0 63 and 0 76 are required for signifi-
cance at the 0 95 and 0 99 probability levels, re-
spectively 
Agricultural variables The correlations of individual 
and yearly-mean farm yields with nitrogen are sub-
stantial at 0 41 and 0 91, respectively Doll et al (1958) 
established that nitrogen was the single most important 
fertilizer relating to corn yields The square of the cor-
relation of individual yields with plant population sug-
gests that this variable explamed about 12% of the 
individual yield variation The two remaining agri-
cultural variables have correlations with yield which 
are less than those required for statistical significance 
The association between farm yields and nitrogen ap-
plications, plant populations, and the soil productivity 
rating are shown also m Fig 3 The smoothed dashed 
lines were drawn to incorporate 95% of the 540 data 
points, and their great separation on each graph illus-
trates the wide scatter of the data These graphs em-
phasize the tremendous variation m farm yields about 
the best-fit curves (Figs 3a and 3b) for two agricultural 
variables involving management (technological varia-
bles) considered by many to be very important in de-
termining corn yields (Runge, 1966, Shaw and'Du-
rost, 1965) 
A correlation of 0 70 was obtained between the indi-
vidual farm yields and the year, which suggests a 
definite upward trend in yield over the 1955-1963 
period of observation (Fig 3d) In part, this is an ex-
pression of steady improvement m technology for in-
creasing corn yield Increase in average plant popula-
tions and nitrogen applications, the two most important 
technological factors analyzed in this study, have oc-
curred during the sample period according to trend cor-
relations of 0 97 and 0 87, respectively (Table 1) The 
yearly-mean values of these two variables are compa-
rably well correlated with yield Thus, there is evidence 
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FIG 3 Relation of corn yields with technological practices, soil and time 
that these two technological factors contributed to the 
increase in yield during the observation period 
Monthly and seasonal weather variables The best cor-
relations of yield with weather variables in Table 1 are 
with temperature factors Correlations based on the 540 
individual values of yield with July and August mean 
temperatures, with cumulative degrees above 90F dur-
ing the July through August period, and with number 
of days of maximum temperature of 90F or above were 
-0 50, -0 69, -0 51, and —0 37, respectively Thomp-
son (1963) showed the importance of July and August 
mean temperatures, however, Thompson found that on 
a statewide basis July temperature is more hightly cor-
related with Illinois yields than is August temperature 
The cumulative degrees above 90F m July-August, and 
the number of days with maximum temperature of 90F 
or higher for the period June through August were in-
cluded to test for relations between corn yield and ex-
cessively high temperatures Thompson (1966) has 
indicated that the best single measure of the effect of 
weather on corn yield was the cumulative degrees above 
90F during July and August These accumulations de-
termined for the various farms were less than 55 in eight 
of the nine years Only m 1955 were the accumulations 
relatively high, ranging from 124 to 150 for the 60-farm 
sample Correlations for these two measures of high 
temperature might have been considerably higher if the 
sample period had mcluded more years with greater 
numbers of high temperature days For example, Dale 
and Shaw (1965) have shown that the relation of corn 
yields to frequency of moisture stress days in mid-
summer was poor until the number exceeded 30, above 
which a close relationship existed 
Since the relation of monthly rainfall to yield may be 
curvilinear rather than linear, correlation indices were 
also computed from quadratic regressions of individual 
yields and rainfall These computations produced an 
index of 0 37 for July rainfall, a considerable improve-
ment over the 0 24 lmear correlation in Table 1 The 
quadratic relationship explamed 14% of the yield vari-
ation, as compared to 6% for the linear, and produced 
an F-ratio test value which exceeded the 0 999 prob-
ability level However, the curvilinear fit of yields with 
June, August, and pre-season rainfall totals resulted in 
correlation indices not appreciably greater than the 
linear coefficients 
The best-fit curves determined for the six most rele-
vant monthly weather variables are displayed in Fig 4 
The smoothed dashed lines mcorporate 95% of the data 
points and outline the general configuration of the data 
scatter 
June mean temperatures fitted a quadratic regression 
curve significantly better than a linear regression line 
However, the spread of the 95% bands (Figs 4a and 4b) 
and the low correlation for June temperature and rain-
fall in Table 1 indicate that the corn yields in this area 
were poorly related to the range of monthly weather 
conditions for June 
July rainfall (Fig 4c) exhibited a curvilinear fit with 
corn yields, indicating that the optimum July rainfall 
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FIG 4 Relation of corn yields with monthly weather conditions 
for maximum corn yields is between 6 and 7 inches 
However, July rainfall explained only 14% of the corn 
yield variability In a corn-weather study of all Illinois 
counties using 33-yr records of county yields and rain-
fall, Changnon and Neill (1967) showed relatively low 
correlations for July rainfall with corn yields in the 
counties encompassing their study area In the present 
study, the relationship of corn yield with July mean 
temperature was linear (Fig 4d), and the correlation co-
efficient of -0 50 (Table 1) indicates that 25% of the 
yield variations might be attributed to July temperature 
Fig 4e indicates that corn yields were at a maximum 
when August rainfall totals were 6 inches or more and 
the quadratic regression line suggests that additional 
rain would not increase yields Unfortunately, the 9-yr 
sampling period on the network did not include an 
extremely wet August at any farm August temperatures 
(Fig 4f) fit a quadratic distribution slightly better than 
a linear, but the correlation index of 0 70 was not sig-
nificantly better than the linear coefficient of —0 69 
in Table 1 The —0 69 was the highest correlation ob-
tained for the monthly weather variables It was also 
higher than those obtained for either of the excessive 
temperature factors and those for any of the weekly 
rainfall and temperature variables 
A weather-trend correlation (Table 1) for the sample 
period suggests that weather may have been partially 
responsible for the upward yield trend during 1955-
1963 July and August temperature-trend correlations, 
significant at the 0 90 and 0 95 probability levels, re-
spectively, are indicative of a cooling trend for these 
months As noted previously, corn yield has a sub-
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prior to Middle, after 
1 May 1-15 May 15 May 
Number of samples 17 443 80 
Average yield, bushels acre-1 98 4 95 3 96 3 
Variables 
Year 0 80 0 71 0 63 
Plant population 0 65 0 34 0 22 
Soil productivity 0 36 0 05 -0 02 
Nitrogen 0 65 0 48 0 03 
Pre-season precipitation —0 15 013 0 25 
May temperature - 0 1 1 - 00 7  - 0 0 4 
June rainfall -050  -022  -0 15 
June temperature 0 58 0 29 019 
July rainfall 0 02 0 25 0 24 
July temperature —0 61 —0 49 —0 54 
August rainfall 0 45 0 26 0 38 
August temperature -074  -070  -0 68 
stantial inverse correlation with these weather factors 
Consequently, these downward temperature trends 
during the observation period should have favored an 
increase in corn yield It is therefore likely that weather 
and technological trends interacted to favor corn pro-
duction in this 9-yr sample, but the value of either in-
fluence on corn yield cannot be completely assessed in 
the available sample Research on corn yields in Iowa 
(Bean, 1967) has shown that for the 1955-1963 period, 
weather effects caused an increase of 18 bushels acre-1, 
whereas technological variables added 15 bushels, or 
less than the weather effects 
As shown in Table 2, 443 of the 540 corn-year values 
had plantmg periods during 1-15, May indicating that 
82% of the crops sampled reached their various stages 
of growth at about the same time The lack of pheno-
logical variability in the sample is further revealed by 
data for the crop-reporting district incorporating the 
study area These data for the sampled 9 yr indicate 
that the dates when 50% tassehng occurred were be-
tween 18 July (1962) and 29 July (1960) The correla-
tions presented in Table 2 allow inspection of the corn-
weather relations for the different times of planting, 
and differences between them could be assessed as indic-
ative of phenological variations The general lack of 
major differences between the monthly weather corre-
lations for the middle and late plantmg periods, which 
represent 97% of the data, indicates that the effect of 
phenological variations on the corn-weather relations 
established for the entire sample was negligible There-
fore, the use of weather conditions for fixed calendar 
periods should provide meaningful results The results 
for the early planting cases have higher correlations 
with the early weather conditions, which suggests phe-
nological associations, but the 17 samples are too few to 
derive reliable results The major differences in the 
correlations of the 3 plantmg periods are those pertain-
ing to the agricultural variables which show that tech-
nology-yield relations become poorer as planting time 
becomes later 
4 Weekly rainfall 
Some crop-weather response studies have been done 
with monthly and seasonal weather data, primarily 
because these data are more rapidly available than 
short-term data However, several investigators, in-
cluding Runge and Odell (1958), have shown that corn 
yields are correlated with weather conditions during 
critical 7-, 10- and 14-day periods Daily rainfall 
amounts for the rain gages nearest each farm were 
summed to obtain weekly rainfall amounts for correla-
tion with the 540 farm yields Running totals for 2-week, 
3-week, and 4-week periods were then calculated and 
also correlated with the yields 
Correlations for both linear and curvilinear (quad-
ratic) associations for rainfall and yields were deter-
mined In every instance the curvilinear values, pre-
sented in Table 3, were higher than the linear values 
An examination of the correlations for 1-week rain-
fall totals with yield (Table 3) reveals several rather 
prominent features 1) poor correlations in the first 
four weeks of June, 2) a change to a substantial indica-
tion of association during the weeks of 29 June-5 July 
and 6-12 July, 3) a return to poor associations for the 
weeks from 13 July through 2 August, 4) a relatively 
high correlation during the week of 3-9 August, and 5) 
poor correlations for the last three weeks of August 
Fig 5 depicts the best-fit curves for four selected weeks, 
and the 95% bands reflect the considerable data scatter 
found in these and all 1-week periods By comparison 
with tabulated multiple correlations for 3 variables and 
a sample size of 540, correlations mdices in Table 3 
could be judged significant at the 0 95 and 0 99 prob-
ability levels if they exceed 011 and 0 14, respectively 
(Snedecor, 1946) However, a correlation of less than 
TABLE 3 Corn yield versus rainfall for 1-, 2-, 3-
and 4-week periods 
Quadratic indices of correlation for rainfall 
Beginning totals for given periods 
date of period 1-week 2-week 3-week 4-week 
6/1 0 08 0 46 030 0 26 
6/8 0 27 0 24 0 24 0 28 
6/15 0 04 0 13 0 43 0 46 
6/22 0 20 0 26 0 35 0 31 
6/29 047 039 034 032 
7/6 0 48 0 36 0 25 0 22 
7/13 0 05 0 15 0 19 0 09 
7/20 0 16 0 31 0 12 0 04 
7/27 0 13 0 29 0 26 0 21 
8/3 0 54 035 037 031 
8/10 0 17 011 0 07 — 
8/17 0 27 0 17 — — 
8/24 0 26 — — — 
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±0 30 represents an association which explains a small June agree with prior results (Runge, 1966) and reflect 
percentage of the yield variation and is of questionable the common belief of farmers that below-normal rain in 
value in a practical sense June favors corn production The shift to relatively good 
The small correlations during the first four weeks of correlation during 29 June-12 July (Figs 5a and 5c) sug-
FIG 5 Relation of corn yields with weekly weather conditions 
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gests the corn plant had reached a stage of growth when 
it would show a greater response to rainfall However, 
this rain-yield response is a week or more earlier than 
that found by Runge and Odell (1958) from analyses of 
1903-1956 crop-weather data from an experimental 
farm near the study area At this experimental farm, 
the greatest response of corn to rainfall was during 7 
July-24 July As illustrated by Fig 5e, the 60-farm data 
did not show any appreciable response to rainfall during 
this middle to late July period, but this may have re-
sulted because the soil moisture values for this period 
were generally not limiting The correlation indices for 
2-, 3- and 4-week ramfall values (Table 3) support the 
weekly findings, particularly showing the importance of 
rainfall in the late June-early July period Also, the 
relatively strong rain-yield response of 3-9 August 
(Fig 5g) for the 60-farm sample does not appear in the 
experimental farm data 
These dissimilar results may be due to the short dura-
tion of the network sample, or they may reflect differ-
ences in the operations of the experimental farm and 
those generally practiced by the cash-grain farmer Im-
provements m technology for corn production such as 
earlier planting, increased use of a commercial fertilizers, 
and other factors may have helped the crop reach a rain-
responsive stage of growth earlier in the season during 
this 9-yr period It is reasonable to expect that a longer, 
more representative period of record for the 60 farms 
could account for some of the difference 
These findings for weekly rainfall also may partially 
result from using a period as short as one week For ex-
ample, Fig 5e illustrates that many of the higher yields 
tend to occur with very low weekly rainfall and lower 
yields tend to occur with much higher rainfall during 
the week of 20-26 July This is evidence that a single 
week of dry weather at this time was not critical and 
may have been beneficial when preceded by a wet week 
Many of the good yields associated with very low rain 
were cases in which rain occurred either before or after 
a dry week Thus, the interaction of rainfall for adja-
cent periods as short as one week may have helped to 
effect an optimum ram of near zero Fig 5a may be 
showing a linear trend because 1) corn plants may have 
generally reached a stage of growth by 29 June to 5 
July when they could respond strongly and positively to 
rainfall, 2) the maximum amount of rain received was 
not enough to determine the optimum, or 3) portions of 
the ram m this period provided much of the soil mois-
ture required and used to sustain the crop through July 
The values m Table 3 for 2-, 3- and 4-week periods indi-
cate that the two most important 2-week rainfall periods 
were 1-14 June and 29 June-12 July The 15 June-5 
July period was the most critical 3 weeks for corn, and 
15 June-12 July was the most critical 4-week period 
TABLE 4 Corn yield vs weekly mean 
maximum temperature 
Correlation 
Week Linear Quadratic 
6/1-6/7 015 020 
6/8-6/14 -0 07 0 08 
6/15-6/21 014 0 21 
6/22-6/28 0 05 0 06 
6/29-7/5 -0 40 0 51 
7/6-7/12 - 0 1 8 0 53 
7/13-7/19 -0 01 0 23 
7/20-7/26 -0 56 0 56 
7/27-8/2 - 0 1 2 0 21 
8/3-8/9 -0 56 0 61 
8/10-8/16 -0 44 0 44 
8/18-8/23 -0 43 0 47 
8/24-8/30 -0 06 0 23 
5. Weekly temperature 
The importance of temperature as a weather index of 
corn yield in the sample under study was established by 
the correlations shown in Table 1 Short-period com-
parisons were made to examine further the effect of 
temperature during the corn growth period 
Linear and quadratic curve fitting were carried out 
and scatter diagrams prepared for each of the 13 weeks 
beginning 1 June Correlations (Table 4) and graphs 
(Fig 5) document the seasonal variation of yield as-
sociation with maximum weekly temperature for the 
9-yr sample of 540 yields The relationship between the 
frequency of days per week with high temperatures, 
above 85 and 90F, was also investigated, but these pro-
duced lower correlations than were obtained for the 
weekly mean maximum temperature 
Associations between weekly mean maximum tem-
perature and yield were weak for the first four weeks of 
June High temperature had a pronounced negative 
effect for the week of 29 June-5 July (Fig 5b), which 
corresponds with a pronounced yield response to rain-
fall (Table 3 and Fig 5a) Negative correlation between 
corn yield and the weekly mean maximum temperature 
was substantial for most of the weeks during late July 
and August (Figs 5d, 5f, 5h) Significant negative cor-
relations in the two weeks of mid-July may be lacking 
because the highest maximum temperatures sampled 
were 3-5F lower than those sampled in precedmg and 
succeeding weeks Comparison of the weekly tempera-
ture correlations (Table 4) with those for weekly ram-
fall (Table 3) reveals that the temperature correlations 
are higher for most of the weeks 
6 Conclusions 
The primary purpose of this study was to investigate 
the degree of response of corn yields to various weather 
variables using non-experimental farm data collected 
during a period of new and expanding agricultural 
practices The results have several practical applica-
tions, since the research was based on extensive ram-
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fall and current agronomic data from a cash-grain farm-
ing area of high management and productivity and of 
homogeneous climate, and similar topography and soils 
The correlation between August mean temperatures 
and yields was —0 69, which was higher than that for 
any other weather condition The next best weather 
correlation, —0 51, was for the cumulative number of 
degrees above 90F during July and August July mean 
temperature ranked as the second best monthly vari-
able, and July rainfall ranked third Most previous 
studies have shown that July rainfall is the most im-
portant monthly variable, July temperature second, 
and the August temperature third This disagreement 
partially results from the weather conditions sampled 
in the 9-yr period Many previous studies also have 
shown that the most critical weather period for corn is 
in late July, but this study showed that temperature 
and rainfall in late June and early July were the most 
critical short-term weather conditions for corn Such 
disagreement reflects differences between farming 
practices at experimental farm sites and those currently 
employed by cash-grain farmers, and it partially results 
from the inadequacies of the 9-yr sample 
During the 9-yr period a temporal increase in yield 
was evident Upward temporal trends were found in the 
employment of major technologic practices, and a trend 
for better corn-weather conditions (cooler July and 
August temperatures) also occurred during the 1955-
1963 period Analysis of the corn-weather relations de-
termined for each of the three planting-period groups 
indicated that phenological variations in corn did not 
materially affect the final corn-weather results that 
were based on the entire data sample and on weather 
data for fixed calendar periods 
The results also indicate that added water from 
irrigation or man-made rainfall would be beneficial 
only in late June and July, but that added water would 
not produce significant increases in yields because of the 
relatively poor correlation between rainfall and corn 
yields in this area The results suggest that lowering 
of high temperatures in July and August would be of 
considerably greater value in increasing corn yields 
Although certam weather conditions and technolo-
logical practices could be identified as having some as-
sociation with yields, no single variable explained more 
than 50% of the variability in the 540 yields Of im-
portance was the finding that in this apparently homo-
geneous sample, the yields varied considerably for any 
specific weather factor or level of technological prac-
tice Such great variability of yields about a given ram-
fall amount, temperature level, or amount of nitrogen 
indicates the lack of major dependence of corn yields 
on any one weather condition or single agronomic ac-
tivity in the sample area and sample period Knowledge 
of this is especially important in making individual farm 
management decisions concerning the use and amount of 
fertilizer, the planting rate (population) or date of 
planting The generally poor correlations between indi-
vidual yields and these three technological practices 
indicate that weather conditions and other unmeasured 
technological practices are of considerable importance 
on an individual basis 
The correlations based on the individual observations 
indicated that several weekly, monthly, and seasonal 
weather variables had closer relations with yield than 
did nitrogen application, which had the strongest as-
sociation with yield of the agronomic practices investi-
gated However, the correlations based on yearly-mean 
values mdicated that nitrogen application was more 
closely associated with the area-mean yields than were 
any of the weather variables This reversal in correla-
tions indicates how different treatments of data for corn-
weather studies can produce quite different conclusions 
These reversals may also mdicate why there has been 
disagreement between the results of some corn-weather 
studies using experimental farm data and those based on 
large-scale regional mean data 
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Effect of Sampling Density on Areal Extent of Damaging Hail1,2 
STANLEY A CHANGNON, JR 
Illinois Slate Water Survey, Urbana 
27 January 1968 
One of the important design problems to be resolved 
in hail modification experiments concerns the number 
of surface samplmg points necessary to measure ade-
quately the areal extent of damaging hail Schleusener 
1 This research was supported by the Atmospheric Sciences 
Section, National Science Foundation, NSF Grant GA-482 
2 Insurance data were supplied largely by the Crop-Hail 
Insurance Actuarial Association 
el al (1965) indicated that hailfall energies measured 
at Colorado observation points (passive hail pads) 
located 2 mi apart were poorly correlated (<0 5) After 
careful field studies of 6 damagmg hailstorms, Changnon 
(1964) concluded that at least 1 observation point per 
2 mi2 was required to define accurately the areas of the 
damaging hail 
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TIG 1 Location of two study areas in Illinois 
Two square-shaped areas in central Illinois, one 
comprising 4000 and the other 1000 mi2 located inside 
the larger one (Fig 1), were chosen to make a statistical 
study of the surface sampling requirements for the 
areal measurement of damaging hail (Changnon et al 
1967) The insurance liability within these areas e\-
FIG 2 Average areal extent of crop-damaging hail on a hail-
storm day in Illinois based on different densities of sampling 
points in 1000- and 4000-mi2 areas 
ceeded 85% of the total areal extent of each over an 
11-yr period, 1952-1963 
Maps for each storm day were prepared showing the 
actual areas of paid losses using all the available in-
surance data which represented an average sampling 
density of 4 location points (farms) mi-2 Transparent 
overlays at the same map scale with evenly distributed 
points representing observation sites with densities of 
0 5, 10, 3 0 and 9 0 mi2 were superimposed on each 
daily damage map to determine the area of damage 
defined by each density The area of hail damage desig-
nated as measured by each point in a damage area was 
0 25 mi2  
The average number of storm days per area, as 
defined for each sampling density, is shown in Table 1 
In the 1000-mi2 area, a density of 1 point per 0 25 mi2, 
on the average, detected twice as many days' with 
TABLE 1 Frequency of crop-damaging hailstorm days and variations in areal extents of damaging hail in 1000- and 4000-mi2 regions 
as defined by different sampling densities and April-October data in 1952-1963 period 
Number of mi2 damaged for each sampling point 
Number of storm 1000-mi2 region 4000-mi2, region 
days per season 9 3 1 05 0 25 9 3 1 05 0 25 
Average 6 10 11 12 13 11 16 17 18 19 
Maximum 14 19 20 21 21 22 25 28 29 29 
Minimum 1 3 3 4 4 5 6 7 9 9 
Number of mi2 damaged per storm day 
Average 4 5 6 1 110 15 9 18 3 6 3 1 - 1 0 7 22 6 310 36 1 
Maximum 21 51 156 200 218 76 242 713 856 913 
Minimum 0 0 0 0 1 0 0 0 0 1 
Number of mi2 damaged per season 
Average 27 59 123 192 237 69 174 385 560 680 
Maximum 75 144 316 518 575 208 501 911 1002 1098 
Minimum 3 6 13 20 27 17 52 98 169 186 
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TABLE 2 Per cent of total area of damaging hail in two regions measured by different densities of observation pomts 
during a crop season 
Per cent of damaged area for given number of mi2 per sampling point 
Number of storms 1000-mi2 region 4000-mi2 region 
days per season 9 3 1   05                              9 3 1   05 
 Average    11           25 67 85 10 26 70 86 
Highest 13 30 75 91 13 28 77 96 
Lowest 8 20 62 80 9 23 64 81 
TABLE 3 Density of surface hail measurements in various hail study areas 
Number of 
measurement Area represented 
Years of pomts (observers Size of study area by each point 
Study area operation and/or hail pads) (mi2) (mi2) 
South Dakota-Iowa-Minnesota 1961 22 7,500 3410 
(Frisby, 1963) 
Southwestern South Dakota 1966 91 3,000* 33 0 
(Stout and Changnon, 1966) 
Central Illinois 1958-61 1000 22,250 22 3 
(Wilk, 1961) 
Northeastern Colorado 1959 200 3,400 ' 17 0 
(Schleusener, 1962) 
Northwestern North Dakota 1967 63 980* 15 6 
(Koscielski, 1967) 
Southwestern North Dakota 1965 90 1,340* 14 9 
(Butchbaker et al, 1966) 
Western Nebraska 1966 160 1,300* 81 
(Smith et al, 1967) 
Central Alberta 1962-66 5000* 22,000 4 4 
(Summers and Paul, 1967) 
Eastern Illinois 1967 135 400 2 9 
(Changnon et al, 1967) 
South Africa 1962-63 800 1,000 13 
(Carte, 1963) 
Oregon 1959 230 145 0 6 
(Decker and Calvin, 1961) 
* Approximate value (true value unknown) 
damaging hail as did 1 point in 9 mi2 In one year 
(1953), the 1000-mi2 area had 21 damaging hail days, 
as denned by 1 observation point per 0 25 mi2, whereas 
a density of 1 point per 9 mi2 detected damaging hail 
on only 7 days 
The average values for the areal extent of damaging 
hail on storm days also shows a considerable variation 
with sampling density (Fig 2) In the 4000-mi2 area, 
16,000 sampling points (0 25 mi2 per point) indicated 
that the average daily areal extent of damaging hail was 
36 mi2, whereas 445 points (9, mi2 per point) measured 
only 6 3 mi2 of damaging hail per day Thus, on the 
average, a study area with 1 point per 9 mi2 will 
measure only 18% of the actual daily areal extent of 
damaging hail and an area with 1 point per 3 mi2 will 
measure only 30% of the daily damage area 
The crop-season averages m Table 1 were expressed 
as percentages of the total damaged hail area, as defined 
by 4 points mi-2, and these values appear in Table 2 
On the average, a hail network with a density of 1 point 
per 9 mi2 in a 1000-mi2 area measures 11% of the actual 
area of damaging hail in a season In one year, this 
density measured a high of 13% and the 1-year low 
was 8% A sampling network of 1 point mi-2 would 
measure only about 70% of the damaging hail in a 
crop season 
The number of surface samplmg points in several 
recent hail studies is shown in Table 3 Values for the 
area sampled by each point reveal densities ranging 
from 1 point per 0 6 mi2 to a. high of 1 per 341 mi2 Only 
the African and Oregon studies had a density of points 
that apparently would provide a reasonably accurate 
measure of the daily and seasonal areal 'extent of 
damagmg hail 
In summary, the average and extreme values in 
Tables 1 and 2 indicate the magnitude of the potential 
measurement errors associated with varying densities 
of point hail data in Illinois The results also indicate 
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that a network comprised of 1 or more observation sites 
mi-2 is necessary to measure adequately the areal 
extent of damaging hail 
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